Abstract. A microphysical mechanism that may be important in the electrification of thunderstorms is probed in an experimental study of collisional charging of ice surfaces. The study examined mass and charge transfer in single collisions between two ice samples and their dependence on growth, temperature, impact strength, and time delay between impacts. The polarity is consistent with earlier results in that the more rapidly growing particle charges positively. We find that the magnitudes of charge and mass transfer increase with growth rate over an appreciable range, but the charge tends to saturate at high rates. The systematic dependence indicates that the charge transfer is more closely related to the difference in growth rate between the contacting surfaces rather than to their temperature difference. This result provides quantitative confirmation of earlier researchers' work. An appreciable time delay is required for the magnitude of the charge to recover from a previous collision. The magnitude of charge transfer cannot be explained by the thermoelectric effect or by any other mechanism proposed to date. It appears that the charge is carried in the mass that is transferred between the colliding surfaces, as predicted by Baker and Dash, [ 1989, 1994] but the magnitude of the mass transfer is much greater than can be due to ordinary surface melting, as proposed.
We determined that the sensitivity is 3.7x1046 _Hz/molecule, constant to within experimental precision over the temperature range of our study. In typical experimental runs, ice was grown in pure water vapor atmosphere by dosing the chamber with controlled quantities of vapor from a source of deionized water. Ice layers were nucleated on each QCM and allowed to "migrate" by vapor diffusion to the cold central region of the QCMs. The resulting ice layers were typically ~0.1 mm thick and 1.2-2 mm in lateral extent and were separated by a gap of 0.3 +0.05 mm. At•er both ice samples were prepared in this way, room air was admitted to the chamber to a pressure of -80 kPa. This method greatly reduces the time required to grow the ice layers and allow them to reach a steady state shape.
The experimental program was divided into two parts. In one series, charge transfer due to contact events was observed. In another sequence, mass transfer was observed under conditions nearly identical to those of the charge transfer series. In both parts, data were collected for a range of growth rates between the two ice layers and for three values of the ambient temperature. By adjusting the powers of the QCM coolers, a constant temperature difference can be maintained between the ice layers. The temperature difference drives growth of the colder layer at the expense of the warmer by vapor diffusion through the intervening air gap. The average growth rates of the ice layers are recorded as steady drit•s of each QCM signal. Since the surface temperatures were not measured directly, they were estimated by relating them to the rate of mass diffusion through the air, as indicated by the steady frequency drit•s of the two QCMs. The calculation assumes one-dimensional steady state diffusion of water molecules in air, driven by a concentration gradient that corresponds to the difference in vapor pressures over ice at the two surface temperatures. Since the gap between the layers was about one fourth of their lateral extent, it is a crude approximation. A more serious error is the assumption that the surfaces are planar because the microscope views of the ice deposits showed irregular profiles, with typical roughness variations of the order of a tenth of the gap distance. The rough surface increases the microscopic area, reducing the concentration near the colder substrate, within a distance of the order of the roughness depth. It has the effect of making the effective gap width smaller than the average. It depends on the growth rate, becoming unimportant for very slow growth. The temperature gradient near the surface is affected since it produces a nearly isothermal layer of thickness comparable to the roughness. This moves the effective position of the surface outward, i.e. reducing the effective gap width. This effect also is dependent on growth rate, becoming less important at high rates.These factors will hinder the accuracy of the estimate. However, by minimizing variations of the coverage area and gap width, both during a single data run and between runs, the precision of the estimate, which is limited by the uncertainty of the growth rate, approximately _+0.1 !xm/min, is sufficient to provide useful information about the relationship of charge transfer to the temperature difference between the layers, as will be seen later.
Charge Transfer
Charge transfer measurements were made by connecting the front electrode (on which the ice is deposited) of each QCM to a simple circuit in which one electrode is maintained at a constant bias potential and the other is connected to an electrometer in voltage mode, with a 5 G• shunt resistance to ground. When the ice layers make contact and charge is transferred from one layer to the other, the potential measured by the electrometer shifts suddenly by an amount AV=AQ/C, where AQ is the transferred charge and C is the system capacitance, measured to be 340 +20 pF. Vibration noise resulted in a minimum resolvable charge transfer of ,*40 fC.
After separation of the surfaces, the transferred charge drains to ground through the shunt in a few seconds, a time which is long compared to the contact time but short compared to the time interval between consecutive events. Thus the potential of each electrode returns to its initial value before the next event.
The detailed structure of the electrometer signal also provides useful information about the contact time and the strength of impact. During contact, a potential spike is generated by piezoelectricity in the quartz, and the magnitude of the signal is proportional to the peak value of the speakerapplied voltage pulse. The duration of the signal indicates that the contact time is ,*250_+20 •ts, which was verified in a separate experiment in which a time-integrated current was measured between the bare electrodes during contact events. In separate experiments we determined that the potential generated by the piezoelectricity does not influence charge transfer between the ice layers.
A series of charge transfer measurements was made keeping the piezoelectric impact strength signal constant and varying the growth rates of the ice layers by applying temperature differences. Groups of four to five contact events separated by 2.5-min intervals were observed during periods of steady growth. An extra minute elapsed at the beginning of each growth period to ensure that a steady state condition had been established. The procedure was repeated at three ambient temperatures, -6.5 ø, -11.0% and -15.6øC. The results presented here represent charge transfer to the upper QCM; however, separate measurements on the lower QCM agree, to within experimental uncertainty, with the direction and magnitude of charge separation. Finally, in a separate series of measurements we varied the time interval between contact events.
Mass Transfer
Mass transfer measurements were carded out under conditions similar to those for charge transfer. The frequency changes of the QCMs monitor steady growth and evaporation of the layers as well as discrete mass changes associated with contact events. It was necessary to analyze the data carefully to isolate the tiny signals due to discrete mass transfer from the large frequency drift due to growth. This was achieved by subtracting a third-order polynomial fit from the frequency data. Then, using the empirically determined mass sensitivity of the QCM, the shifts were translated into discrete mass changes. As with the charge transfer measurements, data were collected for a range of temperature differences and for the same three ambient temperatures. Several tests were performed to ensure that the observed shifts were not due to systematic effects unrelated to mass transfer. For example, on occasion, a small fragment of ice may be jarred loose from one surface during contact and become lodged on the adjacent surface. For such events the frequency shift due to the loss of mass by the first surface often does not register as a corresponding gain on the second QCM since the acoustic coupling of such a particle resting on the second surface is far from the ideal of mass added as a uniformly distributed surface layer. Fragments such as these were visible in the microscope image, allowing such events to discarded. Although the two QCMs can be run simultaneously, the data presented here were obtained by running only one QCM. The reason is due to difficulties associated with electrical interaction between the two QCM driving circuits. This did not present any serious problem, however, since test runs were performed to ensure that the results are the same regardless of which QCM is used to monitor mass transfer.
Results

Charge Transfer
The results of the charge transfer measurements are presented in Figure 3 . There is a separate plot for each value of the ambient temperature. Each data point is the average charge transfer to the upper ice layer for 4-5 collisions corresponding to a single growth period. The charge transfer is plotted versus the growth rate of the upper layer as well as the calculated temperature difference between the lower and upper ice surfaces, TL-Tt•. The reason for presenting the data in both ways is to explore the relative importance of temperature difference (upper scale) and growth rate (lower scale) to charge transfer by examining their correlation. As discussed more completely below, we conclude that growth rate appears to be the more strongly controlling quantity.
The dependence of charge transfer on impact strength was observed in a series of measurements in which the growth rate was held constant at-*30 monolayers per second. The pulse delivered to the speaker was varied over a range from near In addition to these measurements, a series of data runs was performed in order to ensure that the observed mass transfer is due to contact rather than to enhanced vapor diffusion between the surfaces during the short time that they are in close proximity. When the surfaces are very close, just before and just after contact, there is less impedance to diffusion of water molecules through the air gap, and the timeintegrated flux of molecules may result in a rapid shift of frequency change superimposed on the background growth. Such a shift may occur even in the event of a near miss, for which the speaker voltage is not quite large enough to produce contact of the surfaces but is large enough to bring the surfaces close together for a time of a few milliseconds. To test for this phenomenon, a series of mass transfer measurements was observed using the same conditions as those of the charge transfer series in [1987] that the faster-growing surface tends to charge positively with respect to the other. Here the relationship can be seen quantitatively as a function of growth rate. As presented in Figure 3 , the charge transfer can be expressed as a function of growth rate or temperature difference. In both cases the trend is linear within a limited range. When either function is considered with respect to the average temperature, however, it is clear that the charge versus growth rate does not vary significantly for the range of ambient temperatures shown, whereas charge versus temperature difference exhibits a nearly twofold variation with ambient temperature. We believe this to be strong evidence that the mechanism responsible for the charge transfer is directly related to the growth rates of the ice surfaces. The growth rates in this experiment depend, in turn, on the temperature difference. One might suggest that using temperature difference as a parameter is equally justified to using growth rate; however, if the geometry of the ice layers differed, e.g., if the gap width were larger or smaller, then the growth rate resulting fi'om the same applied temperature difference would differ as well.
Then, if the charging is directly related to growth rate, we believe that different charge transfer results would be obtained for the same applied temperature difference. Thus it would be necessary to eliminate this geometry dependence somehow.
However, this would not be necessary if growth rate were considered to be the controlling parameter. As was mentioned in the introduction, there has been evidence fi'om other work to suggest that charging is related to the growth condition of of what is observed. Finally, fragments associated with contact events were, on rare occasions, observed in the video microscope data, as mentioned earlier; however, such events were accompanied by erratic behavior of the QCM signal and were not included in the presented data. An explanation of the results that have been presented, in terms of nonequilibrium surface melting, will be proposed in a future publication.
An additional difficulty concerns the charge polarity. The BD model proposed that the liquid-like layer would be negatively charged, so that a negative charge should be associated with the transferred mass, contrary to the observed polarity. The present results suggest that the BD model, which assumed liquid-like layer thicknesses due to equilibrium su•ce melting, should be reexamined in the context of the highly nonequilibrium collision processes.
The experimental results conflict with all explanations of collisional charging that have been proposed to date. However, the correlation between mass and charge transfer suggests that some features of the BD theory are relevant. A reexamination of the model in the light of these results is under way.
